The local temperature at the surface of sliding solids may reach a high value even under comparatively gentle conditions of sliding. With metals the surface temperature can be measured by using two different metals as a thermocouple; the temperature depends on the load, speed and thermal conductivity of the metals. With non-metals, which are poor thermal conductors, the high temperatures occur even more readily. The thermoelectric method cannot be used with non-conductors, but if one or both of the surfaces is of trans parent material such as glass or quartz, the hot spots may be observed visually or recorded photographically. Experiments with surfaces of different melting-points show that the hot spots first become visible when the temperature is about 520-570° C. Hot spots of this temperature may occur on glass or quartz when the load is about 1000 g. and the sliding speed as low as 1 or 2 ft./sec. These local surface temperatures play an important part in the chemical decomposition which accompanies the rubbing of solids. Experiments show that the detonation of a liquid explosive, such as nitroglycerine, by friction is due to the develop ment of local high temperatures on the surface of the sliding solids. Under the conditions of these experiments the temperature of the hot spots necessary to cause the explosion of nitroglycerine is about 480° C.
I n t r o d u c t io n
I t is well known th at many explosives can be detonated by friction and a number of practical tests has been devised for measuring the friction sensitivity. One of these consists of a swinging pendulum which strikes the explosive a glancing blow. Another is carried out by allowing a weight with a curved end to slide down an incline and strike the explosive a glancing blow. Although tests of this type have been used extensively to assess the relative sensitivity of different explosives from the point of view of safety in manipulation and manufacture, little work has been published on the mechanism of initiation by friction. This is particularly true for liquid explosives. Although it is well known th a t nitroglycerine, for example, may be detonated by friction, the mechanism of this and the conditions under which it can occur are by no means understood. Earlier work (Bowden & Ridler 1936) has shown that, when surfaces are rubbed together, the local temperature a t the points of sliding contact may reach a high value. The im portant p art which these local high temperatures play, both in physical processes such as polishing and in the chemical decomposition which accompanies the rubbing and friction of solids, has been discussed elsewhere . (Bowden & Hughes 1937) . We might expect th a t these local frictional hot spots could play an im portant part in the initiation of explosive reactions (see Bernal 1938) . I t has also been suggested (see, for example, Taylor & Weale 1938) th a t initiation is a tribochemical effect and is brought about by a direct mechanical activation of the explosive molecules. In the case of a liquid or of an explosive which is liquefied by impact or by rubbing, initiation might be attributed to the very rapid flow and shearing of the explosive or by a viscous heating of the liquid to a temperature above its ignition point. I t is clear th a t these theories are not mutually exclusive and th at a combination of factors such as high temperature and high pressure, or high rate of flow and high pressure may be responsible. I t is equally true, of course, th a t the mechanisms of initiation of different explosives may be different and th a t the excitation of a sensitive primary explosive such as mercury fulminate may be brought about in a very different way from th a t of a comparatively insensitive high explosive such as nitroglycerine.
Some previous experiments (Bowden 1940) with heavy impact on nitroglycerine between metal surfaces in the presence of hard grit particles have indicated th a t local hot spots on the grit particles may initiate the explosion. The following paper describes experiments which were carried out to determine how far the frictional high temperatures produced on rubbing surfaces of metals and other solids were responsible for the explosion of nitroglycerine.
When metal surfaces were used, the surface temperature was measured by using the surfaces themselves as a thermometer; th a t is, by placing two different metals in contact so th a t they form a thermocouple, and measuring the electromotive force generated on sliding. The general arrangement was similar to th a t used earlier except th a t improved electrical circuits were used and the electromotive force was measured on a cathode-ray tube. This enables very rapid fluctuations in the surface temperature of the sliding metals to be recorded.
Since the temperature depends on the thermal conductivity we should expect th a t high temperatures would be reached much more readily on non-conducting solids such as glass and quartz or on a solid explosive. Obviously the thermo electric method caimot be used with these solids, but it is possible to show the existence of these hot spots by visual means. I f one or both of the surfaces is made of transparent material, such as glass or quartz, and the apparatus so arranged th at a clear image of the rubbing surfaces can be seen, it is found that, when sliding starts, a number of tiny stars of light appear a t the interface between the rubbing surfaces. I t is clear th a t they correspond to small hot spots on the surface. The method is not quantitative but-by making one of the surfaces of metal, or metallic alloy of known melting-point, and sliding it on a transparent non-conductor -it is possible to fix approximately the temperature a t which hot spots first become visible.
Both these methods have been used to study the temperature of sliding surfaces which are covered with films of nitroglycerine or other liquid explosives. The results provide direct evidence for the view th a t initiation is caused by frictional hot spots on the sliding surfaces. Under the condition of these experiments, the temperature of the hot spots necessary to cause explosion of nitroglycerine is about 480° C. Temperatures of this order readily occur on the surface of sliding solids under very moderate conditions of load and speed.
After a description of the apparatus used, the first part of the paper describes the visual observation of hot spots, the second the initiation of the explosion of nitroglycerine between the rubbing surfaces and the third a simultaneous measure ment of the surface temperature and of the incidence of explosion.
E x p e r i m e n t a l

Friction apparatus
The friction apparatus was similar to th at used in earlier work and consisted essentially of a lower surface in the form of a horizontal circular disk which could be rotated a t various speeds, and an upper surface in the form of a small slider which rested under a known load on the rotating surface. The lower disk, which was 25 cm. in diameter and about 2 cm. thick, was made of steel or of glass and was driven by a series of pulleys so that peripheral speeds varying from 50 to 450 cm./sec. could be obtained. The upper surface was usually in the form of a cylindrical slider 0-7 cm. in diameter running with its flat end in contact with the surface of the rotating disk. The load between the surfaces could be varied between 1 and 10 kg.
The lower surface was prepared on a wet lead lap using grade F F carborundum and washed under running water. I t was dried by spinning for a few seconds in the air and the measurements were made immediately (care being taken to keep the surfaces grease-free). If nitroglycerine or other liquid films were used, they were added as soon as the surface was dry. The liquid films were prevented from being thrown off the rotating disk by a small rim of paper on the outside edge.
Electrical apparatus
For most of the electrical measurements of surface temperature a constantan slider rubbing on a steel disk was used. The lower steel disk was maintained at earth potential by a lead through a mercury cup mounted in the centre of the plate.
The thermoelectric voltage generated on sliding was amplified by a direct coupled amplifier with a high impedance input (10,000
Two amplifying stages, both using E F 50 pentodes, gave a gain of 72 db. ( x 4000) with a flat response up to about 150 kcyc./sec. The output of the amplifier was fed directly to the horizontal deflecting plates of a high voltage cathode-ray oscillograph. The cathode-ray tube, type 5LP5, had accelerating potentials of approximately 2000 and 4000 V with respect to the cathode on the second anode and intensifier. The thermoelectric voltage was calibrated by applying a series of steady potentials to the amplifier.
A multiplier photo-tube (931) with a total potential of approximately 1000 V was placed about 12 in. from the slider and within view of the explosion. When an explosion occurred, the light flash of the explosion produced a pulse in the photo tube and this, amplified by a single E F 50 pentode stage, was used to trigger a strobotron tube 631-P 1. This tube was completely enclosed, with the exception of a narrow slit arranged to be at the same level as the oscillograph spot. The flash of the strobotron enabled the instant of explosion to be recorded on the camera simultaneously with the temperature trace. The time lag between the flash of explosion and the strobotron flash was very small, probably of the order of 1 /isec. In order to extinguish the strobotron, the flash discharged a 2 /tF condenser. The time constant of the condenser and the charging resistance limited the time be tween flashes to a minimum of approximately 1/150 sec. The circuit used to flash the strobotron is reproduced in figure 1 . A small neon tube connected through a 015 Mf2 resistance to the 50-cycle mains and mounted beside the strobotron, provided a convenient time-marking device for the film. This electrical apparatus was designed and constructed by A. E. Ferguson and R. W. Muncey.
P a r t I. V i s u a l o b s e r v a t i o n o f h o t s p o t s
In the experiments described here, the lower surface was usually a flat glass disk, and a mirror was mounted beneath it in such a way th a t the region of contact between the slider and the disk could be clearly seen. In some of the experiments, when a transparent slider was used, the top of the slider itself was optically polished and observations made through it. The lower surface was set in motion a t a fixed speed and the load on the slider gradually increased. When the load reached a sufficiently high value, a number of small, dull red luminous points was observed on the surface of the slider. The position of these points changed from instant to instant as the points in intimate contact wore away and new points came into contact. If the load (or speed) was increased the spots became brighter and whiter, corresponding to the higher temperatures reached. (The possibility th a t these luminous spots are due to some triboluminous effect other than a thermal heating must be considered, but the evidence is against this.) The results in the following sections refer to the conditions under which the first dull red hot spots were observed visually in a completely darkened room. The experiments were carried out for clean surfaces and for surfaces wetted with a mixture of glycerine and water. 
Effect of thermal conductivity on the incidence of hot spots
Four hard metals of widely differing thermal conductivity were selected as sliders. The metals used were constantan (k = 0-05), steel (k = 0-10), nickel (k -0*16) and tungsten (k = 0*35 cal. cm.-1 sec.-1 ° C-1).
(a) Glean surfaces. The results for clean surfaces are shown in figure 2. In this figure, the frictional force a t which hot spots occur (for a number of fixed sliding speeds) is plotted against thermal conductivity. I t is seen that, in all cases, hot spots occur more readily the lower the thermal conductivity of the slider. This is particularly marked at the lower peripheral speeds. For example, a t a surface speed of 110 cm./sec. a tungsten slider gives hot spots when the frictional force is 2600 g., whilst with a constantan slider hot spots occur when the frictional force is only 350 g.
(6) Wet surfaces. The results for surfaces flooded with a mixture of glycerine and water of the same viscosity as nitroglycerine are shown in figure 3. I t is seen th at the curves are of the same general form as those obtained with clean surfaces. The main difference is th a t higher frictional forces (six-to sevenfold) are required to produce visible hot spots when the surfaces are flooded with liquid. Although this difference is relatively large, it is evident th a t the presence of the liquid film is not able to prevent the occurrence of extremely high local temperatures as a result of frictional heating.
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Temperature of incidence of visible hot spots
By using sliders of different melting-point, it is possible to fix approximately the temperature at which the hot spots become visible. Experiments were carried out with a number of metal and metallic alloys, the melting-point of which covered a suitable range. The results are collected in table 4. The experiments showed th at, when metals or alloys melting below 520° C were slid on glass or quartz, no hot spots could be seen even a t the highest speeds and loads. W ith a gold aluminium alloy melting a t 570° C, however, and with all metals melting above this, the hot spots were readily seen. This would fix the temperature a t which the hot spots first become visible to the eye a t between 520 and 570° C.
Photographic recording of hot spots
Although the occurrence of a transient hot spot is readily observable visually, th6 intensity is too low to affect a photographic plate. If, however, the slider is run over the same track a number of times, the cumulative effect is sufficient to produce a record on a photographic plate. A super X X plate (6 | x 8 | in.) was held in a frame mounted on a steel turn-table with the emulsion side upwards. A glass plate of the same size was clamped on top, its upper surface being ground to a uniform grease-free finish. The slider rested on the glass surface under a given load, and was allowed to run on the same track for 2 min. I t was then moved in 1 cm. and again run for 2 min. The process was repeated and, in this way, a series of concentric tracks was obtained a t various radii and therefore a t various peri pheral speeds. On developing the plate, a number of concentric dark rings appeared. The innermost visible ring on the plate gave the lowest speed a t which hot spots could be recorded photographically under these conditions. A typical plate is shown in figure 4. I t is seen that, with a load of 1200 g., a sliding speed of approxi mately 70 cm./sec. is just sufficient to produce a trace on the photographic plate. The results obtained for clean surfaces using four sliders of different thermal conductivities are shown in figure 5. In this figure the minimum speed to give a Detonation of explosives by friction record on the plate is plotted against the thermal conductivity for a number of fixed loads. The results are similar to those obtained by the visual method and the actual values of the loads and speeds agree with those obtained by visual observa tion. I t was also found th a t the results obtained photographically for surfaces lubricated with glycerine and water were similar to those obtained visually.
The size and shape
The occurrence of hot spots is not influenced by the size or shape of the slider; it depends primarily upon the load and speed of sliding. If a large flat slider is used, the conditions of load and speed necessary are much the same as for a small curved slider. The main difference is that, with large flat surfaces, the hot spots may be thinly distributed over a wide area instead of being concentrated into a smaller one. This is in harmony with the view th a t contact between the solids occurs <5nly locally a t the summit of the surface irregularities, so th a t the real area of contact is very small and bears little relation to the apparent area of the surfaces. I t means th a t even with light loads the pressure a t the points of real contact is high and it is just a t these points th a t the rubbing and the liberation of frictional heat occurs.
The effect of grit on the incidence of hot spots
A series of experiments was carried out to investigate the effect of grit on the incidence of hot spots. The experimental arrangement was the same as before. Carborundum of known particle size was used; this was mixed into a thick paste with glycerine and water and added to the glass disk. The disk was set rotating and the load increased until hot spots became visible.
I t was found th a t with hard metal surfaces the presence of carborundum had very little effect. W ith metals such as constantan (V.P.H. 130) and tungsten (V.P.H. 750), the load and speed necessary to produce hot spots was approxi mately the same as th a t required with wet surfaces in the absence of abrasive, also the size of the particles (which was varied from 10 to 56 fi) made no appreciable difference to the incidence of hot spots.
W ith soft metals there are three general observations. First, when abrasive is present the glass disk is worn more rapidly over the region of the track. Secondly, after the surfaces have been running together, abrasive particles are always found embedded in the worn surface of the metal slider. The third observation is that, in the presence of abrasive, hot spots are observed very much more readily than when abrasive is absent. These results are shown fully in table 1. As a m atter of interest, results are also included for an aloxite slider. This consists of a very hard cylinder of aluminium oxide abrasive, the particle size of the bonded grain being approxi mately 150
fi.The loads and speeds required to give visual hot spots with th slider on a wet surface are similar to those required by the soft metals in the presence of abrasive.
I t is seen that, with grit, hot spots occur readily, even if the melting-point of the slider is well below 500° C. For example, with lead (m.p. 329° C) and tin (m.p. 230° C), hot spots occur a t relatively low loads and speeds. No hot spots are observed with these metals in the absence of abrasive even a t the highest loads and speeds. I t should, however, be noted that, with a Wood's metal slider (m.p. 70° C, hardness a t room temperature 16 Vickers), no hot spots were observed in the presence of abrasive and there was marked smearing of Wood's metal on the glass surface (cf. impact experiments, Bowden 1940). 
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I t is apparent from table 1 that hot spots occur more readily the lower the thermal conductivity of the slider. The effect is thus similar to th at observed in the absence of abrasive particles, although in the latter case the effect of thermal conductivity Vol. 188. A.
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is considerably more marked. This difference is shown by considering as an example the case of silver, which is a very good conductor ( = 0-98) and aloxite, which is a very bad conductor. For dry surfaces in the absence of abrasive when the peri pheral speed is 300 cm./sec., the load required to produce visual hot spots with a silver slider is 2500 g., whilst with an aloxite slider it is 180 g .; the ratio is approxi mately 14:1. In the presence of abrasive of size 56 fi the values are 2100 and 700 g. respectively; the ratio in this case is about 3:1. W ith smaller abrasive particles, the thermal conductivity of the slider becomes more important.
The results given in table 1 show that, on the whole, hot spots occur more readily with the larger sized abrasive particles. Below a particle size of 2 0 the load necessary to produce visual hot spots increases very rapidly with decreasing particle size.
The experiments suggest th a t the occurrence of hot spots is due essentially to a layer of abrasive material embedded in the rubbing surface of the slider. On this view the slider acts as a lap, and the sliding really occurs between the embedded abrasive particles and the glass surface. This is shown by the increased wear of the glass disk, the appearance of the worn slider and the way in which the effect depends on the thermal conductivity of the slider and on the particle size of the abrasive. If the sliding surfaces are hard, the abrasive does not readily become embedded in the surface and it has a comparatively small effect.
We may make an approximate estimate of the temperature gradient set up in the abrasive particles during running. If we assume th a t visual hot spots corre spond to a temperature of about 550° C and th a t the temperature of the metal slider cannot rise above its bulk melting-point, then, in the case of the lead slider, when hot spots are observed, there must be a temperature-drop of about 200° C through the abrasive particle, i.e. over a distance of about 10~3 cm. This implies a temperature gradient of the order of 105°C/cm. in the abrasive particle. These high gradients will, of course, b6 transient since the metal will rapidly soften around the particle allowing it to sink in, whilst the load will be borne by new abrasive particles coming into contact with the surface.
P a r t II. T h e i n i t i a t i o n o f t h e e x p l o s i o n b y f r ic t io n
A series of experiments was carried out to determine the frictional conditions which would initiate the explosion of nitroglycerine present on the rubbing surface. The explosive was added to the freshly prepared surface, and the excess removed by running the disk for a few seconds. Under these conditions, only a small amount of explosive under, or in the immediate vicinity of, the slider was found to explode.
The influence of l o a d , speed
A known load was applied to the slider and the lower surface set in motion. When the load or speed reached a sufficiently high value, momentary explosions occurred in the nitroglycerine. These explosive flashes varied very much in intensity, from a small crackling spark to a loud detonation. These effects were all grouped together, since, within the range of experimental observations, it is not possible to distinguish between the conditions necessary to produce a flash and those required for a loud explosion. I t would seem th a t the intensity of the explosion was determined by the extent to which the initial explosion was propagated through the adjacent explosive and this was influenced by geometrical considera tions and by the amount of explosive which had accumulated in the immediate vicinity of the slider. For this reason, the term 'explosion' is used loosely in the following section to describe the general phenomena of a small flash or a loud explosion.
Experiments were carried out on a variety of steel surfaces of widely different mechanical properties and on cast iron, and the speed and load necessary to produce explosions for different combinations of these are given in table 2. I t is interesting to compare the product (where F is the frictional force and V is the velocity of sliding) for the various combinations of sliding metals, since this is a measure of the rate of dissipation of frictional energy. The frictional force was measured by a spring device and, although in general it fluctuates violently, it was possible to obtain a fairly reproducible mean value for F. The results were similar for both finely lapped and for turned mild steel surfaces. With mild steel the wear was considerable. However, the results (i.e. the frictional force and speed necessary to cause explosion) were very similar to those obtained with a tungsten steel slider on a chrome molybdenum surface where the wear was very light. I t will be seen that, over a wide range of load, speed, nature and hardness of the steel surfaces, the occurrence of explosions is dependent mainly upon the product FV 22-2 (i.e. on the rate of dissipation of frictional energy). For example, when mild steel surfaces are used, the product of F Vn ecessary to cause exp is 180. The same value of FV obtains when a hard carbon s chrome molybdenum steel surface. These results are consistent with the view that, under these experimental conditions, explosion of the nitroglycerine is due to the frictional heating of the rubbing surfaces.
Experiments were also carried out with sliders of widely different geometrical shape. Hemispherical, conical, wedge shaped, cylindrical and flat sliders were used so th at the apparent area of contact varied from point contact to th a t of comparatively large surfaces. I t was found th a t the shape and size of the slider had no appreciable effect on the FV value a t which explosion occurs. This is to be expected on the simple view (Bowden & Ridler 1936; Bowden & Tabor 1939 ) th a t the real area of contact, and hence the surface temperatures reached, is approximately independent of the apparent area of the surfaces. I t was found, however, th at if there was a small cavity present in one of the surfaces so th a t the explosive could accumulate in it, then the explosion, when it did occur, was much more violent.
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Effect of thermal conductivity on the incidence of explosion
A series of experiments similar to those just described was carried out with the lower surface of glass covered with a thin film of nitroglycerine, and metal sliders of different thermal conductivity were used. As before, the plate revolved a t a fixed speed and the load on the slider increased until explosion occurred. In some experiments the explosion occurred immediately; in others there was a time interval which varied from a period of a few seconds up to half a minute. In spite of this variation, the frictional force and speed a t which explosion occurred were fairly well defined and reasonably reproducible. Figure 6 shows the results obtained. Each of the curves given in figure 6 is for a constant speed of revolution and shows a plot of minimum friction force to produce explosion against the thermal con ductivity of the slider. These curves should be compared with those given in figures 2 and 3, which are plots of the slider conductivities against friction necessary to give visible hot spots on the surface. I t will be seen th at the curves in figure 6 are very similar in form to those'given in figures 2 and 3. I t is also evident th a t the frictional force required to produce explosions is higher than th at required to produce visible hot spots on clean surfaces (figure 2) and somewhat lower than th a t required to produce visible hot spots on wet surfaces (figure 3).
In table 3 the frictional forces necessary to produce hot spots on clean glass, or glass wet with glycerine and water mixture, are set out together with those neces sary to produce explosions with nitroglycerine. Some results for a slider of fused silica are also included, and it is seen th at the frictional forces involved ate appreci ably lower than those for constantan. 
Temperature of hot spots necessary to cause explosion
The use of a series of mbtal alloys of different melting-point to fix the tem perature a t which the hot spots first become visible has been described above. A similar set of experiments was carried out to determine the temperature necessary to produce explosion. A range of metals and alloys was used for the sliders, and these were selected so th a t they did not oxidize readily even a t elevated tem peratures. The lower surface was of glass and was covered with a layer of nitro glycerine, a slider of the appropriate metal was used and the load or the speed increased until explosion occurred. I t was found that, with metals or metallic alloys melting below 450° C, no explosion occurred even a t very high loads and speeds (see table 4 ). An alloy melting a t 480° C and all metals melting above it, however, cause explosions. This indicates th a t the local high surface temperature which is just able to produce explosions under these conditions is about 480° C. This surface temperature is slightly lower than th a t necessary to give visible hot spots (520-570° C). The results of both series of experiments are collected in table 4. 
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Effect of grit on the incidence of explosion
Experiments showed that, with soft metal sliders, the explosion occurred much more readily if particles of fine carborundum were present on the surfaces. I t was also possible to obtain explosions With metals such as tin, which melt below 480° C if the abrasive were present. Grit therefore has a similar effect, both on the incidence of explosion and on the occurrence of visible hot spots.
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P a r t III. T h e t h e r m o e l e c t r ic m e a s u r e m e n t s o f s u r f a c e TEMPERATURE AND THE INCIDENCE OF EXPLOSION
In the final series of experiments a direct measurement was made of the surface temperature of the sliding surfaces, using the thermoelectric method, and a simul taneous record was made of the incidence of explosion. The lower surface was a rotating steel disk which was covered with nitroglycerine. The upper slider was of constantan and, during the actual run, it traversed from the outside of the disk to the centre so th at a fresh surface was continuously presented to the slider. The flash from the explosion was picked up by a photomultiplier and reproduced with a strobotron on the moving film of the cathode-ray camera so th a t the incidence of the explosion was recorded simultaneously with the temperature trace.
Results
Portions of typical temperature traces are reproduced in figures 7-10, plates 10,11. The strobotron flash which records an explosion may be seen as a vertical white line towards the bottom of the trace. As already mentioned, the strobotron is only capable of flashing approximately every sec. Explosions, however, may occur a t much shorter intervals of time. To ensure th at the flash of the strobotron corre sponds to the instant of explosion, attention is concentrated only on the first of each group of flashes. In figures 8 and 9, plate 11, only the portions of the temperature trace before and up to a few thousandths of a second after the explosions are reproduced.
An examination of all temperature traces showed th at the local surface tempera ture was fluctuating violently, Figure 7 , plate 10 shows the results of a run taken with the camera started almost simultaneously with the main motor and before the sliding surfaces had attained full speed. For convenience, the trace has been reproduced in sections. Starting from the top, the trace progresses from left to right, the section directly underneath following on the right-hand end of the section above. The time marking is given by flashes of the small neon lamp occurring every 0*61 sec. and represented by the series of horizontal dashes directly under the temperature trace. I t will be seen that, during the main part of the run, the speed of the camera was slowly increasing. The temperature, with the initial low sliding speed, was approximately 150° C. With the gradual increase in the speed of the plate, a rise in temperature was observed until towards the end of the first section a tem perature of approximately 500° C was reached. At the beginning of the second section, the first strobotron flash indicates the first instant of explosion: the surface temperature was still about 500° C. The apparent drop in the temperature trace immediately following the explosion would appear to be due to the lifting effect of the explosion which separates the surfaces and causes an increase in contact resistance. The remaining strobotron flashes of the group are separated by a period approaching the minimum time interval of the strobotron and are neglected. The temperature trace is now seen to increase rapidly to its former value and, with further increase in the speed of sliding, temperatures of the order of 700° C are reached towards the centre of the third section, where, evidently, the lower surface has attained its highest (constant) speed of rotation. A number of explosions occurs a t this speed and temperature. From this point onwards the effect of continuously decreasing peripheral speed, due to the slider traversing from the outside of the plate towards the centre, becomes apparent in the gradual decrease in the average surface temperature and also in the number of explosions. Towards the end of the last section, the temperature has dropped to approxi mately 400° C and the last explosion occurred in thg centre of the fourth section a t a temperature of 600° C.
Typical temperature traces before and during an explosion taken a t somewhat greater camera speeds, during two Separate runs, are shown in figures 8 and 9, plate 11. In figure 8 a and 6, explosions have occurred a t approximately 600° C. In the remaining two traces of figure 8, a somewhat higher temperature (700-750° C) existed a t the instant of explosion. I t will also be noted th a t explosions may not necessarily occur a t the highest temperature of the trace. In figure 86 , a tempera ture of almost 800° C was reached only 0*004 sec. before explosion occurred a t the considerably lower temperature of 600° C. This is also seen to a lesser degree in figure 8 c. In figure 9 a and 6, the temperature a t the explosion has reached a value of approximately 700° C, while in 9 c and d the temperature is of the order of 600° C.
I t is found th a t explosion does not necessarily take place a t the highest tem perature. This is illustrated by two traces shown in figure 7, plate 10 taken a t the maximum camera speed. In the top trace, an explosion has taken place a t approxi mately 500° C although the temperature a t this point is increasing and the peak temperature in the trace is consistently 600° C. A similar effect, not quite so well defined, is observed in the lower trace. In this case the temperature a t which the explosion occurred was approximately 500° C.
D i s c u s s i o n
I t will be seen th a t visible hot spots occur very readily on the surface of non conductors when they are slid over one another. When one of the surfaces is of glass or quartz and the other of metal (e.g. constantan), hot spots may be seen when the sliding speed is as low as one or two feet per second and the load is about 1000 g. If the upper slider of metal is replaced by a non-conductor such as quartz, the hot spots appear even more readily. The experiments wdth metallic sliders of different melting-points show that, under the conditions of these experiments, the hot spots first become visible when the surface temperature is about 520-570° C. As we should expect, the load and speed a t which the hot spots appear is markedly dependent upon the thermal conductivity of the slider but is little influenced by the size of the rubbing surfaces. Grit, in the form of small particles of carborundum, has little influence on hard metals, but on soft metals, in which it becomes embed ded, it causes hot spots to appear more readily. W ith any given combination of surfaces the occurrence of hot spots depends primarily upon the rate of dissipation of frictional energy, th a t is, it depends mainly on the product where F is the frictional force and V the velocity of sliding. If the surfaces are wetted with glycerine and water the hot spots still appear bu t the frictional force necessary mj produce them is greater by a factor of six or seven.
If the surfaces are wetted with a liquid explosive such as nitroglycerine, the incidence of explosion with any given combination of surfaces is again determined mainly by the product F V . When sliders of different metals are used, the load or the speed necessary to cause explosion increases regularly with the thermal con ductivity of the metal, and the results run parallel to those obtained in the recording of hot spots. The experiments with metals of different melting-points fix the surface temperature a t which explosion first occurs as 480° C.
When both the sliding surfaces are of metal and the surface temperature is measured by the thermoelectric method, the results are similar. Since both sur faces are now good thermal conductors, the loads and speeds required to cause explosion of the nitroglycerine are higher. The simultaneous measurement of the surface temperature and of the incidence of the explosion show th at explosion occurs when the local surface temperature of the rubbing metals reaches about 500° C. In all these experiments no explosion was observed when the recorded surface temperature was appreciably below this. I t is also evident th a t the explosion does not necessarily take place as soon as this temperature is reached. A temperature as high as 800° C frequently occurs for short intervals of time without explosion of the film. I t would therefore seem th at although the occurrence of a momentary local high temperature of about 500° C is a necessary condition for explosion under these conditions, it may not in itself be enough. We should expect th at other factors such as the presence of sufficient explosive at the hot spot and the size, number and duration of the hot spots themselves would all be important. Unless these conditions were suitable both for the initiation of the explosive reaction and for its propagation to an appreciable distance, no explosion would be observed. If the conditions are not suitable, the moving hot spots may be quenched by the surrounding cold nitroglycerine or by moving on to a cold area of the surface before an explosion of finite size can take place.
The size of the hot spots on the rubbing surface is not known, but our knowledge of the shape and size of the surface irregularities and the appearance of the visible hot spots suggests th at their size is variable and th at some of them may be of the order of 10-3 cm. in diameter. I t is well known from the work of Robert son (1909), Roginsky (1930) and others that nitroglycerine undergoes thermal decomposition at temperatures well below th at at which explosion occurs, and the decomposition obeys a unimolecular law between 90-190° 0. At 190° C the period of half-life is several seconds. If nitroglycerine is heated suddenly to temperatures of about 200° C, explosive decomposition occurs after an induction period. Un fortunately there is little information available about the induction period of nitroglycerine, but at 200° C it is appreciable. This would readily explain why hot spots of 200° C or so on the moving surfaces are ineffective in causing explosion. In the friction experiments the sliding speed was usually about 100 cm./sec. or more, so th a t in one-hundredth of a second the hot spots will have moved forward 1 cm. They would therefore be quenched before appreciable decomposition could occur. Both the induction period of nitroglycerine and the period of half-life decreases rapidly as the temperature is raised, but their values a t high temperatures are not known. If it is assumed th a t the unimolecular relation holds up to tem peratures of 400° C, the period of half-life a t this temperature would be about 10~6 sec. The impact experiments on the initiation of nitroglycerine by the adiabatic compression of small gas bubbles (Bowden, Mulcahy, Vines & Yoflfe 1946) show th at the delay between compression and initiation is very short and may be only a few microseconds. If we take a value of say 10-5 sec., the hot surface will in this time have only moved forward a distance of 10~3 cm. so th a t initiation may well occur before the hot spot is quenched. A detailed analysis of the processes occurring at a hot spot would be valuable and further work on this is in progress. There is no indication from figure 7, plate 10 and figure 8, plate 11, th a t the explosion con tributes materially to the temperature of the hot spots, and this suggests th a t there is probably a short time lag before explosion occurs, similar to th a t observed with initiation by small bubbles.
In these experiments the explosive is subjected to heavy local pressure and to the shearing action of the rubbing solids, but apparently this in itself is not able to cause initiation. When steel surfaces are used, for example, they are deformed and tom during the sliding process. This means th a t the local pressures between the surfaces has exceeded the flow pressure of steel. In the case of mild steel the hardness was approximately 150, and with chrome molybdenum surfaces 300 kg./mm.2. In the latter case this would correspond to a pressure of 30,000 atm . I t is clear from the results given in table 4 th a t the occurrence of the explosion is not determined by the hardness of the sliding surfaces. Tungsten, for example, which is very hard, is much less effective than the softer constantan because its thermal conductivity is higher. Similarly it will be seen from table 3 th a t the occurrence of the explosion is controlled by the melting-point of the metal and not by the hardness; a hard gold-tin alloy (V.P.H. 230) which melts a t 230° C will not produce an explosion whereas a much softer silver-tin alloy (V.P.H. 93) which melts a t 480° C will cause explosion.
If the metal is a good thermal conductor, sliding speeds of 700 cm./sec. can be used without explosion. Since the layer of explosive between the rubbing surfaces is necessarily very thin, this would correspond to a high rate of shear. The con ditions are those of boundary lubrication since certain areas of the surface are separated by a few molecular layers a t most. I f we assume th a t a monolayer of explosive adheres to each surface and th a t shear occurs through a few molecular layers of nitroglycerine, the velocity gradient may be of the order of 10® sec.-1. These high pressures and high rates of shear, however, do not produce an explosion unless the local surface temperature rises to about 500° C.
